New simulations suggest a universal relationship between the mean number of fibers per zone in a complete sampling scheme and the mean void size, independent of whether the structure is isotropic or anisotropic, contains crimped or straight fibers, randomly laid or flocculated.
Introduction
It is known that for a given fabric density and structure, smaller pores, better barrier properties and higher flexibility can be obtained utilizing smaller fibers (Kim et al., 2000) . However, fiber crimp and fiber orientation also can affect the fabric pore size distribution, and at the same time it influences the number of fiber-to-fiber contacts and hence mechanical properties. Certainly, fiber-to-fiber contacts and fiber orientation play a crucial role in determining the physical behavior of nonwoven fabrics. These properties affect the fluid transportation pattern within the fabric, its mechanical properties, surface appearance and hand (Gong et al., 1996) and fiber crimp may affect local network density, as we see later. Such phenomena are usually difficult to measure experimentally, or it might be costly to acquire sufficient experimental data. Under these circumstances, computer simulation may help clarify such intricate behavior.
Recently, Kim and Pourdeyhimi (Kim et al., 2000) discovered a relationship that exists in random fiber networks between the properties of fiber crimp and orientation. However, real fiber networks are flocculated (i.e. clumped) and not random (Deng et al.,1994) (Dodson et al.,1997) , and their results need to be extended to this case. Also, it is consensual that network properties such as the density of fiberto-fiber contacts are intrinsic to fiber networks (Deng et al.,1994) , however this property is difficult to measure experimentally and it has been neglected in previous works reported in the literature. In this article, we approach these relevant issues.
Both meltblown and spunbonded fabrics are stratified stochastic (i.e. multiplanar) fibrous materials, with little or no order or orientation through the thickness. Published work on modeling and simulation of stratified stochastic porous media tends to use a one-dimensional structure representation (Scharcanski et al., 1998) , or a random aggregation process involving extended geometric objects (e.g. disks) (Deng et al.,1994) to limit computation costs. Recently, some analytical models of pore size distributions in multiplanar stochastic porous media have been proposed (Dodson et al.,1997) . We consider pores as two-dimensional entities (Kim et al., 2000) .
We adapt a stochastic model, the Neyman-Scott (NS) process (Neyman and Scott, 1958) , to the problem of modeling the statistical properties of stratified materials composed of fibers. The method involves using a Poisson process of Poisson clusters. Although widely studied (Cox and Isham, 1980) , we are not aware that the NS has been used in this context. We use NS as a device for simulating the distribution of fibers in a single or multi-planar network forming a network of inter-connecting pores, thereby deducing properties of the interconnecting pore network from the simulated structures; but as explained above it can also be adapted to the modeling of pores directly if their distributions of size and shape are given. This approach is dealt with in a separate paper.
Spatial Fiber Distribution In Stratified Stochastic Fiber Networks
Several attempts have been made to model different aspects of the spatial fiber distribution and the void structure in stratified fiber networks. Most models have focussed on specific issues such as the void size distribution (Dodson et al.,2000; Dodson et al., 1997) , adjacent inter-fiber distances (Deng et al., 1994) , or the spatial distribution of density (Deng et al., 1994) . Usually, such models are used to predict particular structural properties (e.g. void size distribution), given the information known a priori about other, related properties (e.g. deviation from randomness of the spatial distribution of density).
Fiber networks result from the stochastic spatial deposition of fibers, and the fiber deposition process is well described by a homogeneous Poisson process (Deng et al., 1994) when fibers are positioned completely at random. However, complete randomness is the ideal, and in practice fiber networks deviate significantly from a Poisson process (Dodson et al., 1997) ; in industrial fibrous materials, mean density often varies spatially and fibers form clusters. The NS process used in our work is a spatial clustering process describing the spatial occurrences of fiber groupings (i.e. fiber clusters) (Cressie, 1993) . Such clusters are generated by a spatial point process having parameters that control the deposition of fibers within each cluster, as described below.
As mentioned above, some aspects of the fiber and void structure have already been reported elsewhere. Consequently, it is our concern that our simulation model generate structures that are compatible with those found in practice, while any new model that is proposed must retain those features of earlier models that are known to be consistent with reality, while improving, where possible, on those aspects where existing models are less satisfactory.
Statistical properties of the NS process, originally proposed as a model of galaxy clusters in cosmology, have been described by Cox and Isham (1980) and Cressie (1993) , among others. It can be used either (a) to model voids of given shape and size distributions occurring in different layers of a multi-layer structure, so as to allow for correlation between void position and size in different layers, or (b) as in the application described below, to model fiber position and orientation. For this second application, the structure of the NS process is as follows.
1. A set of N parent events (i.e. cluster centroids) is realized from a Poisson process (in its most general form, not necessarily homogeneous) with mean (i.e. density) fibre_density.
2. Each parent produces a random number χ of offspring, according to a discrete probability distribution p(K=χ). Each offspring corresponds to a fiber. A simple form for p(K=χ) is the Poisson distribution, either truncated (K>0) or untruncated (K ≥ 0); other discrete distributions are also possible.
3. The locations of the χ offspring, relative to their parent, are the points (x i , y i ), i=1... χ, where the coordinates x i , y i are realizations of random variables having a bivariate, continuous probability distribution f(x, y). Relative to the parent event, each pair of coordinates defines the midpoint of a fiber.
A particularly simple model is obtained by taking f(x, y) to be bivariate Normal with zero correlation, with deviations along the axes x and y given by σ x and σ y respectively; a further simplification takes σ x = σ x , giving circular symmetry of fiber mid-points about the parent event. With σ x and σ x unequal, fiber mid-points are distributed anisotropically.
4. Each offspring is a fiber of length L, where L is a random variable with continuous distribution defined on the interval [0, ∝). In our simulations, the distribution of L was taken as the lognormal probability distribution with parameters µ l , σ l 2 . 5. The orientation θ of each fiber is a realization of a random variable with distribution defined over the interval [0, π). In its simplest form, the distribution of θ is uniform, p(θ)dθ = dθ/π, for which fiber distribution is isotropic; the uniform distribution is a special case (a=1, b=1) of the beta distribution
6. The final realization is composed of the superposition of offspring only.
In our model, at each layer, the incidence of parent events within a zone is considered to be a Poisson process such that its probability density is (Stoyan et al. 1995) (Dodson et al., 2000) :
where n is the number of parent events in a zone of area S and l is the mean number of parent events per unit area.
We use a multi-planar model with layers of fibers. In this work, we assume that layers are independent (although as noted above, the NS process can be used to model the correlation between pore positions in different layers). Given a simulated multi-layer void structure, structural properties can be evaluated, such as the spatial density distribution of matter and voids, and properties of the network of communicating pores.
One of the simulation parameters is the degree of fiber crimp* k=P/L, which is defined as the ratio between the fiber perimeter P, and the end-toend distance, or length L of each fiber. Therefore, fiber crimp k > L implies that fiber perimeter P is larger than the fiber end-to-end length L, and that the fiber is not straight (i.e. the fiber perimeter is constant regardless of the degree of fiber crimp, however the end-to-end fiber length tends to decrease as fiber folding increases). Given a step p, fiber crimp is then simulated as if the fiber was folded in n=L/p pieces, and each piece is an isosceles triangle with height a=kp/2, and angle t=cos -1 (p/(2a) ) to the base. Some criteria have been proposed for the simulation of the parent events and their offspring elsewhere, considering they are events drawn out of statistical distributions (Ripley, 1983) (Cressie, 1993) (Lewis et al., 1979) .
* In this work, we use the term "degree of fiber crimp" k=P/L to denote the effect of fiber folding in our simulation, which corresponds to the concept of "curl ratio" in nonwovens.
Simulation Results And Discussion
A range of simulated nonwovens were generated with different conditions of anisotropy, fiber crimp, fiber clumping, and fiber spatial density. Figures 1 (a) , (b), (c) and (d) show some simulated crimp fiber networks. Usually, in papermaking mean fiber length (i.e. L) ranges from 1.5-6 mm (Smook, 1994) . In our experiments we utilize short fibers, i.e. mean fiber length of 2 mm, and standard deviation of 0.5 mm. The density of the simulated samples in Figure 1 (Scharcanski et. al., 1996) , indicating that the sample shown in Figure 1 (a) is in fact nearly isotropic (i.e. e=1.30), while the sample shown in Figure 1(b) is anisotropic (i.e. e=2.33) .
Both samples were simulated with the same density and fiber length distributions. Nevertheless, we used s x =4 mm and s y =4 mm to generate the nearly random sample. For image analysis purposes, the simulated images were sub-divided into approximately 200 x 200 square blocks, namely, pixels (i.e. each pixel is 25 x 10 -4 mm 2) , and after that, the density (i.e. pixels occupied by fibers) as well as void areas (i.e. pixels not occupied by fibers) were computed. Therefore, the side of the square zones utilized for fiber density calculations correspond approximately to 50 microns (i.e. nearly one fiber width).
Our simulation procedure can generate a wide range of structures, such as those displayed in Figures 2(a), (b) , (c) and (d) . Two examples of isotropic fiber networks constituted by straight fibers (i.e. k = 1.0), with different fiber densities and degrees of flocculation (i.e. fiber clumping), are shown in Figures 2(a) and (b) . Also, two examples of isotropic fiber networks constituted by crimped fibers (i.e. k = 1.3), with the same fiber densities, but different degrees of flocculation, are displayed in Figures 2(c) and (d) .
All statistics displayed in Figures 3-11 were obtained by simple image analysis techniques applied to the synthesized images of the simulated structures (e.g. detecting voids based on zones not occupied by fibers, or counting fiber crossings at zones/pixels as the pixel intensities generated by the simulation). 
Simulated isotropic samples with different fiber densities and degrees of flocculation (a) lower density random fiber network containing straight fibers only (crimp k=1.0, density 15 fibers/mm2 ); (b) higher density flocculated network containing straight fibers only (crimp k=1.0, density 30 fibers/mm2); (c) higher density random fiber network containing crimped fibers only (crimp k=1.3, density 30 fibers/mm2); (d) higher density flocculated fiber network containing crimped fibers only (crimp k=1.3, density 30 fibers/mm2)
A B D C simulated structure, as well as density distributions, for a wide range of structures (i.e. random and flocculated, isotropic and anisotropic). The observation of those plots indicates that, in general, mean and standard deviation of voids, as well as of density, have a positive correlation. Also, a similar conclusion may be derived about the number of contacts per fiber from Figure 5 . In other words, within a wide range of structures (random and flocculated, isotropic and anisotropic), the mean and the standard deviation of the number of contacts per fiber are not independent, but are in fact correlated variables. In order to model these underlying distributions, the dependence between mean and standard deviation is a relevant information, and should be taken into account.
The analysis of Figures 6 and 7 provides some insight into the effect of increasing the number of fibers per zone, on the number of fiber contacts (i.e. number of fiber bounds). It is shown that the number of fibers per zone may be increased by varying different parameters independently, such as: increasing density, increasing fiber clumping, or even by decreasing anisotropy. Figure 6 shows that the mean number of fibers at bonds increases when the number of fibers per zone is increased*. However, Figure 7 shows that the total number of Figure 3 Figure 6 ), because the mean calculation taks into account all zones, but some zones may not contain fibers.
Logarithmic relationship between mean void size and void standard deviation for random and flocculated (isotropic), as well as random anisotropic samples (crimp k=1.35, density 20 fibers/mm2 ). Void statistics of random samples as density is increased are displayed as crosses (higher densities, smaller mean voids). Void statistics of flocculated samples as fiber clumping is increasing are displayed as circles (higher fiber clumping, smaller mean voids). Void statistics of anisotropic samples as anisotropy is increasing are displayed as triangles (higher anisotropy, smaller mean voids).

Figure 4 Logarithmic relationship between mean number of fibers per zone (i.e. density) and standard deviation of the number of fibers per zone for random and flocculated (isotropic), as well as random anisotropic samples (crimp k=1.35, density 20 fibers/mm2 ) Statistics of random samples as density is increased are displayed as crosses (higher densities, larger mean local mass). Statistics of flocculated samples as fiber clumping is increasing are displayed as circles (higher fiber clumping, larger mean local mass). Statistics of anisotropic samples as anisotropy is increasing are displayed as triangles (higher anisotropy, higher mean local mass).
Figure 5
Logarithmic relationship between mean number of contacts per fibers and number of contacts per fiber standard deviation for random and flocculated, isotropic and anisotropic samples, with varying the degree of crimp and fiber clumping (crimp k=1.35, density 20 fibers/mm2 ). Statistics of random samples as density is increased are displayed as crosses (higher fiber densities, higher mean number of fiber crossings); statistics of flocculated samples as fiber clumping is increasing are displayed as circles (higher fiber clumping, higher mean number of fiber crossings); statistics of anisotropic samples as anisotropy is increasing are displayed as triangles (higher fiber densities, smaller mean number of fiber crossings). * The mean number of fibers per zone may in fact present real values (as shown in
bonds per fiber (i.e. fiber contacts), follows a different trend and is not substantially affected by the increase in the number of fibers per zone. Actually, a better response in terms of increasing the total number of bonds per fiber can be obtained by increasing fiber crimp, as we discuss next. The effect of fiber crimp on several fiber network properties is shown in Figures 8, 9 and 10. In general, increasing fiber crimp (keeping fiber density, flocculation and anisotropy constant), also increases the mean number of fibers per zone, and more interestingly, it increases substantially the total number of bonds per fiber (if compared to the effect of increasing density with fiber crimp constant). On the other hand, mean void size tends to decrease when fiber crimp is increased. Fiber crimp has a higher impact on isotropic structures than on anisotropic structures. As crimp is increased, isotropic structures tend to present smaller mean voids, higher mean number of fibers per zone, and higher total number of bonds per fiber, than anisotropic structures.
It is also relevant to observe the existing relationship between mean number of fibers per zone and mean void size in Figure 11 . For a wide range of structures (random and flocculated, isotropic and anisotropic, with various degrees of crimp), the shape of the curve shown in Figure 11(a) is similar to that found experimentally by Bliesner, shown in Figure  11 (b) (Bliesner, 1964) . Therefore, we may conclude that such a relationship is independent of the nature of the stochastic fibrous structure, i.e. the shape of the curve is the same if the structure contains crimp fibers or not, if it is random or flocculated, isotropic or anisotropic.
It was verified analytically that in our simulation, distances between adjacent fibers may be modeled by a Gamma process, fiber density may be modeled by a Poisson process, and the obtained relationship between mean number of fibers per zone and mean void size per sample follows the predicted mathematical model. This behavior was confirmed by measurements in our simulated structures, and agree with known analytical results obtained for stochastic fiber networks (Deng and Dodson, 1994) , as will be discussed in more detail elsewhere.
Concluding Remarks
Our simulation procedure provides computer experimentation to study the effects of altering process variables in the manufacture of nonwovens. It extends previous work reported in the literature by including the effects of anisotropy, fiber crimp, fiber clumping, and some porous media structural elements. Our simulation procedure provides sufficient flexibility to model several conditions occurring in practice. Results suggest that some models reported in the literature do not adequately predict void size distributions, fiber contacts, network density and their relationship with fiber crimp, neither in isotropic nor anisotropic structures. Moreover, new process control instruments could be devised to exploit our methods and results. We find that mean and standard deviation are positively correlated for some fiber network parameters, such as mean void size, network density, and mean density of fiber contacts. Therefore, increasing (or decreasing) their mean also increases (or decreases) their variability. Fiber crimp seems to have a higher impact on isotropic structures; they tend to generate smaller mean voids, higher mean number of fibers per zone, and higher total number of bonds per fiber, than do anisotropic structures. It seems significant also that our simulations also suggest a relationship between mean number of fibers per zone and mean void size, independent of the nature of the stochastic fibrous structure. In other words, the shape of the transfer function curve will be the same, even if the structure contains crimped fibers or not, if it is random or flocculated, isotropic or anisotropic; this could be an important universal effect. These information provide valuable insight, that could help modeling the underlying distributions of these parameters in fiber networks.
Future work, will probe the transport properties through the voids in nonwovens (isotropic or anisotropic), model structural elements such as constrictions (i.e. throats) and pore connectivity (i.e. tortuosity and coordination numbers), as well as comparing the results of our simulations to experimental data. (Bliesner, 1964) .
